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Executive Summary
The goal of this project was to create an accurate representation of a zero + energy home
both for physical experimentation and for numerical modeling. This means that the home does
not rely on power from the grid, but only on alternative energy sources such as solar. The project
consists of two major subcategories. The electrical portion of the project consists of
implementing the energy source and control system, and the mechanical portion of the project
consists of thermal analysis, thermal ﬂow simulations, and physical construction.
A 50 W solar panel was chosen as an energy source, which directs power to a 12 V
battery or directly to a load when the battery is fully charged by means of a charge controller.
Two 20 Watt heating elements wired in parallel inside the house serve as the load and are
controlled by an Intel ® Edison micro-controller. This divides the amount of power going into
the house between the two heaters. The data representing this power input along with internal
and external temperatures uploads to Ubidots every five seconds. Upon startup, the house is able
to reach the set point temperature in under two minutes from a cold start, which is a great
improvement over the previous thermal study project, which took over 6 hours to heat.
The success of the project is determined by tracking the energy within 15% for the
experimental model, using the numerical model as a baseline. The time required to heat the
physical model was 160 seconds in comparison to the numerical model, which only took 95.5
seconds. This results in a 67.5% error for the experimental model, assuming that the two tests did
not accurately capture the experiment. This results in an unsuccessful project, but further
iterations and additional testing could improve the error. The majority of this work should focus
on the physical model, minimizing all energy loss and maximizing sensor accuracy.
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I. Introduction
Recently, there has been a push for energy conservation throughout the world as
exploration of renewable energy also grows to replace nonrenewable resources. Lifestyle
changes constitute a large portion of this effort with emphasis on not wasting electricity, water,
and fuel; however, only so much energy can be saved without eliminating the use of
commodities. This places a burden on manufacturers to create new products with less energy
consumption and on designers to create new ways to harness and use alternative energy sources
such as wind, geothermal, and solar. Many new residences are moving to geothermal heat
pumps, while larger buildings such as businesses with flat roofs are installing some solar panels
to help with energy use [6, 7, 8]. An example of these methods put to use is the zero + energy
building that UTC created at the advanced vehicle testing facility (AVTF). This building has
extra insulation to minimize heat loss, solar panels to produce electrical power, and a geothermal
system to heat and cool the building. Due to the limited use of this facility, the extra energy
produced by the solar panels is sold back to TVA to supply customers.
The goal of this project specifically is to create a zero + energy building model to
demonstrate how energy is transferred, absorbed, and lost. This thesis stems from two previous
successes, which focused on heat transfer in a box and solar panel angle efficiency tracking [10
and 11]. In this particular project, Dr. Margraves wants to create a realistic physical model of a
house with internal heaters and temperature sensors to record the temperature changes. This
design should also be replicated using the three-dimensional modeling software, Solidworks. The
physical model should include insulation on all four walls, the ceiling, and the floor, with an easy
method of removal to show the effect that insulation has on containing heat. The final product
should be aesthetically pleasing and resemble a house with the capability of being presented to a

room for educational purposes. The basic setup includes a solar panel collecting energy, charging
a battery, and then feeding electricity to the heaters so that all electronic components are
powered using an alternative energy source.
The temperature both inside and outside of the house will be measured, so the house will
undergo a heating cycle until it reaches a set point temperature as defined by a pre-determined
temperature difference above the current ambient air temperature. The model should also allow
for a method of tracking the energy going into the house over time since this can be directly
related to the energy output of the heaters. Ideally, heating times for the numerical model will be
similar to the house when trying to reach the same set point temperature. The physical testing
results will be analyzed in conjunction with an identical numerical model in Solidworks using
the incoming energy of the physical model as an input value to determine the theoretical heating
time using numerical analysis and flow simulation. The correlation of these heating times will be
analyzed to determine the success of the two models. Further testing and iterations will be done
to improve both of the models if time allows.
The following steps will be necessary to complete this project. The physical model must
be designed and built following the research of materials and necessary proportions of insulation
to resemble that of a true house. This physical design must then be duplicated in threedimensional drawing software such as Solidworks. Physical testing should allow for an energy
input for the heating elements in the numerical model to accurately resemble the system’s
functionality. Tests with flow simulation should give an estimate for heating time, which can be
compared with the experimental data. Analysis and conclusions will result in recommendations
and further testing procedures based on the accuracy of the models.

II. Background
Since the goal of the project was to create a zero + energy building, this means that the
building must produce equal to or more than the amount of energy that it consumes. When
considering the basic functionality of the house necessary for this project, the heating elements
must be coupled with an energy source and an electrical control system to regulate and measure
power to the heaters. In other words, the solar panel must produce enough energy for the system
to power on the heaters and maintain an internal temperature of the house at 5 degrees Fahrenheit
above the ambient temperature.
A battery capable of storing enough energy to power all of the electrical components
including the heaters serves as energy storage for cloudy skies throughout the day when the solar
panel cannot directly power the system. The battery stores energy produced by the solar panel
when the heaters are not running. Since a DC power supply was used, a Buck Converter was
sufficient for regulating consistent power to the heaters without exceeding their power
requirements. Finally, the power gets distributed to the system through two main channels, the
heater and the controller, in order to meet minimum, stable power requirements.
The house only requires one heating element to maintain a suitable heating cycle time;
however, two heating elements were chosen to ensure that there is always more power than
necessary. This cuts down on heating time and eliminates any questions about consumption since
two heaters will split the incoming power that would exceed the capacity of a heater operating
alone. An Intel Edison controller was selected to monitor energy usage and to determine when to
shut off power to the system; thus, when the inside of the house reaches the set point
temperature, power to the heaters cuts off, stopping the heating cycle. This specific controller
was chosen because it consumes minimal power, maximizing the system’s efficiency [1].

For physical construction of the small-scale house, wood was the easiest material to
obtain and modify. The thermal properties of wood were researched, but it should be noted that
wood varies by density, type, and water content [4]. This was considered when choosing the
material to construct the building exterior since the team wanted to accurately model a house,
and chipboard is used as the base plywood in house construction. Scaling this down for the
project, medium density fiberboard (MDF) seemed to be the most applicable due to its similar
composition, just with sawdust instead of larger wood chips [2]. MDF was the easiest to use for
construction due to cutting without splintering, consistency throughout the wood, and
manufacturability for assembling the walls of the house. Due to the skill level of the mechanical
engineering students involved in this project, this was also the safest option.
For the most critical component on the mechanical design side of the project, insulation
was chosen based on the thermal properties, which are generalized by an R-value. This number
represents the insulating capabilities of the material standardized per inch of insulation, or in
other words the length over thermal conductivity. The higher the R-value, the higher the
resistivity of the insulation, minimizing the heat transfer through the material and increasing the
effectiveness of the insulation [5]. For common sheet insulation, the R-value is between 2 and 4
per inch of thickness.
To determine what range of R-value was necessary for the application, first the heat loss
through the wall without insulation was estimated. This one-dimensional conduction through a
solid material was modeled using Equation 1.
!"

𝑞 = −𝑘𝐴 !"

(1)

In Fourier’s Law, q is the total heat transfer, k is the thermal conductivity of the material, A is
the total area over which the heat transfer is occurring, dT is the difference between the

temperature on both sides of the material, and dx is the thickness of the material. This allows for
an estimate of heat loss through a specific material, which helped to decide the thickness of
insulation based on the R-value. Checks were done with this same calculation when the team
added more than one layer of material to the analysis such as a wall with insulation. Within the
equation, the thermal conductivity value was modified to account for the difference in properties
of the two materials. The thickness also included the sum of that dimension for both materials,
but the temperature difference and area remained the same as the previous calculation with a
single material.
Since it is desirable to be able to add or remove insulation in this project, research was
performed to determine the different recommendations for R-values depending on the location in
a house. The US Department of Energy recommends R-values based on the region of the
country. For most of Tennessee, the floor insulation should be between R25 and R30. For
insulation sheathing on the exterior of the house, the R-value should be around 2.5 to 6, but in a
traditional house this can be made more effective by taping the seams of the sheets to prevent air
leaks. In general, since most of the heat is lost through the roof of the house and the sun has the
largest impact on the roof during the summer months when the house needs to be cooler, these
areas require the most effective insulation. For any parts of the house with a cathedral ceiling, the
R-value of the insulation should be 30 to 38, but for attic spaces where the majority of heat is
lost, the insulation should be between R38 and R60. For any smaller cavities or walls within the
house, the insulation should have an R-value between 13 and 15 [3]. Once again, these are basic
guidelines to follow during standard construction, but these were considered when choosing the
thickness and type of insulation for the small-scale model.
There are many different types of insulation that have their own advantages and

disadvantages. The first type considered was rolls and batts (aka blankets), which are usually
made of fiberglass and are very flexible. Fiberglass is a hazardous material to handle without
proper protection, so this was not ideal for repeated removing and installing on this project.
Because blankets are often used for walls between studs, they are offered in standard widths for
studs, most commonly on 16 inch centers. The R-values for blankets range from 13 to 15 for 4inch-thick walls or from 19 to 21 for 6-inch-thick walls. The main reason blankets were not
practical for use in this project is simply due to the inability to scale down to the proper size. The
next consideration was loose-fill insulation, which is a loose form of fiberglass, rock wool, or
cellulose that is blown into spaces and very common around piping and wires or other odd
shapes where different types of insulation might be difficult to install. This loose insulation was
even worse choice for the project since it is even messier to handle than the blankets made of
fiberglass and poses a health risk with breathing around the loose fibers. This would also have
been nearly impossible to remove after installation, failing to meet a major objective of the
project. Rigid foam insulation tends to be more expensive but is quite effective for exterior
sheathing, interior basement sheathing, or sealing attic hatch doors. For one inch of thickness,
rigid foam insulation ranges from R-4 to R-6.5, which is up to twice the R-value of comparable
insulation materials of the same thickness. So far, this seemed to be the most practical for
application in this project due to the reasonable size and easy installation.
The last main category of insulation is foam in-place insulation, which can be used on a
small or large scale. There are two types of foam-in-place insulation, both of which are made
from polyurethane: open cell and closed cell. Closed-cell is the more effective of the two since
the high-density cells are filled with a gas that expands to help the foam fill the surrounding
spaces. It has an R-value of 6.2 per inch of thickness and is also the most expensive alternative.

Open-cell is not as dense since the cells are filled with air and have a more “foamy” consistency.
The R-value for this type is only about 3.7 per inch of insulation [9]. This option seemed to overcomplicate the need for this project, so the best option was determined to be the rigid foam
insulation.

III. Physical Model and Experiment
Apparatus
The model house (Figure 1) rests on a platform and contains internal insulation
permanently installed on one out of the four vertical walls. The two longer walls and one of the
short walls have removable pieces of insulation on the inside that can leave a bare wooden wall
as shown in Figure 2A. This allows for the experiment to be run with a gap in the insulation
barrier to show the frightening increase in energy consumption as a result of deficient insulation,
which is also applicable in a real building. The main physical structure was built using quarter
inch thick medium density fiberboard (MDF) with a thermal conductivity value of 0.3W/m∗K.
This constitutes a peaked roof with a ceiling attached to create a sealed attic, four vertical walls,
and a floor. All insulation used in the small-scale building is one-half inch thick foam board with
an R-value of 0.6164m2*K/W.

Figure 1: Physical Model of the House on Platform

The house itself has a footprint of 12 inches by 18 inches, and the main walls are 15
inches tall. One piece of foam board insulation is installed on each of the interior walls of the
house, as well as the ceiling. The insulation on three of the four walls is removable, easily sliding
out from the top, and the ceiling insulation is attached to the bottom of the roof/attic component
with simple Velcro strips, also easily removable. These component variations are modeled below
in Figure 2. The insulation on the fourth wall is permanently installed due to the wiring for the
electrical components needing to come into the house from the power supply outside.

Figure 2A: Removable Wall Insulation

Figure 2B: Removable Ceiling Insulation
The house sits on a foundation 3 inches tall. Two versions of the foundation were created,
one with insulation and one without. This allows the user to choose whether to insulate the floor
of the house or not. The foundation insulation is four pieces of foam board layered together,
giving the bottom of the house significantly more insulation than the rest of the house. Only one
piece of foam board is attached to the ceiling since the sealed attic peak also acts as insulation
due to the air being contained; thus, the three inch thick base provides a similar function. This
was done so that both of these areas can be assumed to be over-insulated and therefore have no
heat flux in the model, forcing all heat loss through the walls.
The design on the electrical side was based on the heat transfer calculations starting with
Fourier’s Law. For three out of the four walls insulated and one long wall without insulation, the
power requirement to maintain the internal temperature is 24.63 Watts. With the house fully
insulated, the power requirement is only 2.53 Watts, decreasing an order of magnitude. This
shows the importance of having effective insulation with minimal leaks in a real building; thus,
the easiest way to reduce operational costs and conserve energy is to improve insulation.

Although they give a great estimate for the purposes of this project, these calculations assume
that no convection occurs and that the internal temperature of the house is consistent throughout,
so all heat is lost through conduction on the four external vertical walls. These detailed
calculations are outlined in the Appendix.
The Environmental Protection Agency (EPA) has conducted modeling to analyze the
effect of adding more insulation on a “typical” home built between 1970 and 1990. The
definition of “typical” is 17,000 square feet of conditioned floor space, 15% window to floor
area ratio, 23% total system duct leakage, and stick construction with blanket insulation between
studs and blown insulation in the attic [11]. Adding insulation means to increase the R-values of
existing insulation around unconditioned spaces and to seal air leaks around windows, doors, and
attic or foundation spaces. The study shows an estimated 15% annual savings for heating and
cooling bills. For the “typical” house, the national average is an 11% cost reduction for all utility
bills in a year. On the other hand, the energy savings depend highly on the location of the house
within the country. The intense sun and heat in the south greatly reduce the savings that can be
seen on heating and cooling as shown by upwards of 20% in the north and only 7% in the south
[11]. Not only is this implementation a return on initial investment over time, but it also
decreases the amount of energy consumption, helping to conserve resources and protect the
environment.
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The main components of the electrical system include a solar panel, an Intel Edison Controller,
two 20 W heating elements, a charge controller, power meters, and a 12 V battery. The wiring
diagram for these components is shown in Figure 3.
Ideally, the solar panel is capable of producing 50 W of power in full sunlight at the
proper angle for the corresponding time of day. This was chosen to ensure that more power is
available to the system than the system requires. The solar panel is an Eco-Worthy
polycrystalline solar panel that requires direct sunlight for sufficient operation. Using this solar
panel, it is not possible to output power using an artificial light source as originally planned;
thus, the solar panel must be placed outside with a cord running inside to the connection on the
charge controller in order to function.

1

Figure 4: Eco-Worthy Polycrystalline 50W Solar Panel
The charge controller in this system serves multiple roles. First, it protects the solar panel
from reverse current flow. Second, it protects the battery from undercharge or overcharge by
regulating incoming power. Next, it gives a visual representation of the power, voltage, and
current going from the solar panel to the battery and from the battery to the load. Additionally, it
enables the user to stop and start the output to the heaters with the touch of a button. Finally, the
charge controller directs power to the load on the system when the battery is fully charged and
the solar panel is delivering power, and it also directs power from the battery to the load when
the solar panel is not producing power. The charge controller is a 20 A, 12 V Moohoo
Autoswitch LCD Intelligent Charge Controller, which connects directly to the battery as well as
the load.

Figure 5: Moohoo Autoswitch LCD Intelligent Charge Controller
The Smart Battery 12 V 12 AH Lithium Ion Battery with a capacity of 144 W was chosen
because it is a deep cycle battery, which enables a large amount of storage and very long battery
life. This is necessary since the battery is the primary source of power to the heating elements
and the other electrical components in the system.

Figure 6: Smart Lithium Ion 12 V 12 A-H Battery

To power the electronics, a 50 W DC-DC converter was used. The converter used is a
SINOLLC 12/24 V to 5 V, 10 A 50 W Converter Step Down Regulator. This means that it is
capable of converting an unstable 8 V to 40 V DC power supply into a stable 5 V 10 A DC
power output.

Figure 7: SINOLLC Step Down Regulator
The controller used for this project is the Intel Edison. The Intel Edison is a system-on-achip (SoC) microarchitecture, which includes built-in Wi-Fi, Bluetooth LE, memory, and
onboard storage. It runs an Intel Atom processor. The Intel Edison is designed as an Internet of
Things device and therefore requires very little power. The Intel Edison is used with an ArduinoEdison breakout board, which has I/O connection points as well as communication terminals for
the I2C communication used by the control system peripherals. The system controls the internal
temperature of the house by monitoring internal house temperature and comparing this value to
the ambient air temperature outside of the house. The Intel Edison regulates power flow to the
heating elements by toggling an onboard relay to keep the house at the specified temperature
difference. The controller uses the Wi-Fi and Bluetooth LE to display data on a remote server
through Ubidots.

Figure 8: Intel Edison
The Intel Edison measures power into the house by connecting to an INA219 power
sensor using I2C communication protocol. The INA219 is onboard an Adafruit INA219 Current
Sensor Breakout capable of measuring up to 26 V at +/- 3.2 A. The INA219 is configured
through software, and there is one INA219 sensor located inside the house.

Figure 9: Adafruit INA219 Power Sensor
The Intel Edison determines temperature by connecting to two MCP9808 temperature
sensors to the system. There is one sensor inside the house and the other outside the house. The
MCP9808 sensors communicate with the controller via the I2C communication bus. The
MCP9808 is a High Accuracy Digital Temperature Sensor that has a precision to 0.0625 OC,
exceeding the 0.1 OF accuracy necessary for this project.

Figure 10: MCP9808 Temperature Sensor
Finally, the controller toggles a relay to pass power to the heating elements. The heating
elements are UXCELL 12 V, 20 W heating elements, which have a maximum service
temperature of 200 OC. This project requires two inside the house.

Figure 11: UXCELL Heating Elements
The heating elements can absorb 20 W each and are designed for a 12 V power supply.
Therefore, the wire size going into the house can be determined by finding the current as seen in
Equation 2.
!

𝐼=!=

!"!
!"!

= 1.67 𝑎𝑚𝑝𝑠

(2)

A wire gauge of 19 AWG was chosen due to its ability to handle 1.67 amps. [1]

To simulate an actual residence and clean up the look of the physical model, a small shed
and surrounding green space were created to help hide the electrical components. The house and
electrical components reside on a 2.5 feet by 3 feet platform made of medium density fiberboard.
As shown in Figure 12, the platform has a permanent setting for the house on one side with the
shed sitting at the back of the main structure. The platform was painted green and decorated with
three-dimensional representations of grass. This provides a neat presentation piece and ensures
that the electronics are protected from accidental damage when transporting the system or
making modifications to the insulation for testing criteria.

Figure 12: Shed and External Wiring

Operational Instructions
1. If disconnected, feed the main bundle of wires through the small hole on the right side of
building (when looking at the front). The wires are numbered and should be fed through
the terminal block and connected accordingly to their numbered terminals.
2. Make sure the roof is secured on the house and the house is resting appropriately on one
of the bases.
3. Add or remove internal insulation as desired for demonstration/testing.
4. Connect the solar panel using an extension cord from the output of the solar panel to the
input of the charge controller. The charge controller has an etching of a solar panel and
polarity markings to indicate which terminal should be connected.
5. Set up the mobile hotspot on a smartphone with the following information:
• Name: small building
• Password: que1701a
• The Edison is set up to automatically connect to this network.
6. Make sure the computer being used to display the system data is also connected to the
mobile hotspot. It will require the user to input the password for the hotspot as denoted in
Step 5.
7. Navigate to Ubidots.com, and log in with the following information:
• Username: small building
• Password: energyPlus
*This interface shows the power going into the house, ambient temperature, and internal
temperature. This data will refresh every five seconds once the demonstration has begun
assuming that the connection is strong.*

8. Attach battery cables to the battery terminals. Once the screen on the charge controller
comes on, press the red button on the charge controller. This allows current to flow to the
relay board.
9. After about a minute, note the audible “click” that accompanies the turning on of a red
LED on the relay board attached to the Edison. This means that the relays are open and
feeding the heaters.
10. Once the house reaches the set point temperature as determined by the temperature
difference between the inside of the house and the ambient air, the red LED on the relay
board will turn off, accompanied by another “click”. This signifies that the power to the
heaters has been turned off.
11. After the demonstration/testing is complete, turn off the hotspot and disconnect the
battery cables to shut down the system.

Testing
After the completion of preliminary testing to ensure the entire system is functioning
properly, results were taken. The program was set to maintain the temperature in the house at 5
degrees Fahrenheit above the ambient air temperature. The experimental test setup had all
possible areas of insulation installed, which included the 4 side panels, the ceiling panel, and the
insulated base. The temperature sensors within the system took both of these readings
continuously throughout the process. The code was set to turn off power to the heaters
immediately when the instantaneous difference between these two sensors is equal to 5 degrees
Fahrenheit. With the system on full power, this took 2 minutes and 40 seconds. The power going
into the house was measured to be 34 Watts, which means that each of the two strip heaters were
consuming 17 Watts throughout the heating cycle.
That is all of the experimental data necessary to analyze the zero + energy building model
for this project, but it should be noted that the system, if left turned on, would resume sending
power to the heaters once the temperature inside the house drops below the set point. Due to the
placement of the temperature sensor within the house, the single point reading does not
accurately represent the entire temperature distribution within the house, so the internal
temperature continues to rise even after power to the heaters is shut off. In other words, the
average internal temperature of the house overshoots with the current system setup. This is an
opportunity for improvement with future projects to design a better way of modeling the
temperature distribution within the small-scale experimental model.

IV. Numerical Analysis and Simulation
In order to analyze the accuracy of the physical model, a numerical model was created to
directly copy the physical house. As shown in Figure 13, this was drawn in Solidworks with
exact dimensions for all medium density fiberboard (MDF) components and sheet insulation
pieces. Properties for these materials were set within the program to match the exact materials
purchased and used to build the physical model. Even the placement of seams within the threedimensional model for both wood and insulation overlapping match that of the model built by
the team since these are critical points for heat loss. As shown in Figure 14, the numerical model
also includes two strip heaters to mimic heat distribution like in the experimental model. The
only part of this numerical representation that is not identical is the failure to model the metal
box that holds all of the electrical components in the physical model.

Figure 13: Inside View of House

Figure 14: Top View of House Construction
Before running three-dimensional simulations for the house as a whole, a twodimensional validation study was run with the wood and insulation to determine the amount of
heat flux that transfers through the two layers of material for a certain area. The simulation
results and hand calculations for the heat flux per unit area through an insulated wall are outlined
in Table 1 below. The methods for the hand calculations are outlined in the Appendix.
Table 1: Heat Flux Density Through an Insulated Wall
Model
Numerical Simulation
Hand Calculations

Heat Flux Density
4.538 W/m2
4.240 W/m2

The simulation shows an error of 7% when compared to the hand calculations, which were
determined to be the theoretical heat flux through an insulated wall. Due to the error being less
than 10%, this check confirmed the accuracy of the numerical model, allowing for continuation
to more complex simulations; thus, when performing flow simulations for the model, there was
confidence that the simulation accurately represented the theoretical behavior of the

experimental system. For three-dimensional simulations in the upcoming steps, the team
determined that simulation results with less than 15% variation from the physical model testing
will confirm the accuracy of the model and result in a successful project based on other
published simulation results.
For the thermal analysis simulations, the floor and ceiling were assumed to be overinsulated, forcing all heat loss to occur through the four exterior vertical walls. The top face of
the floor and top face of the ceiling were set as zero flux boundary conditions, allowing heat to
transfer through the wood ceiling but not the floor. The reasoning for this was because heat loss
through the roof is much more significant in these calculations than the minimal amount that is
transferred through the floor.
A basic flow simulation was run to ensure that the model was working properly. The
insides of the walls showed higher temperatures than the outsides of the walls, and the
temperatures increased along the walls with height. These two results were expected and can be
seen in Figure 15 below. The results also showed that heat reached the base only through indirect
convection by means of first heating the vertical walls and only reaching the floor piece through
conduction from the walls to the floor. Since the zero flux boundary condition is set on the top of
the ceiling piece of MDF, the ceiling board heats from convection throughout the entire length.
As expected, this means that heat is rising in the model due to natural convection, and the zero
flux boundary condition on the top surfaces of the ceiling and base are working properly. The
arrows in Figure 16 represent this natural convection within the house.

Figure 15: Solid Body Temperature Distribution
The next step is to run a time variant analysis to determine the amount of time required
for the house to reach an average temperature of 77 degrees Fahrenheit, which is 5 degrees above
the starting temperature of 72 degrees Fahrenheit for all solids and gases within the
computational domain of the numerical model. In order to do this, a cube was drawn and inserted
for computational purposes only at the approximate location of the temperature sensor within the
experimental model. Then, a flow simulation was set up to run based on an educated guess based
on calculations for the number of seconds necessary to reach the 5 degree temperature
difference. After running the simulation at a loose mesh to determine whether the necessary data
lies within that time, the mesh was refined to produce more accurate results. Based on the data

file that was output, the finite element analysis (FEA) resulted in a heating time of 1 minute and
35.5 seconds. The temperature distribution of the inside air of the model is shown below in
Figure 16. The gray box about half way up the left hand side represents the area being analyzed
for the average temperature reading used to determine the temperature change.

Figure 16: End Result Flow Simulation Temperature Distribution
The average temperature of the gray region was tracked throughout the simulation, and this data
is shown in Figure 17. The starting temperature was 72 degrees Fahrenheit, and the time when
the temperature reached 77 degrees is 95.5 seconds based on the corresponding data tables.

Figure 17: Flow Simulation Average Air Temperature Plot
The constant temperature line at the beginning of the plot represents the time when the heaters
are radiating heat to the surrounding area before reaching the box. It appears that it took about 22
seconds for the region being analyzed to start heating up.

V. Conclusions and Recommendations
The success of the project is determined by whether the experimental model’s use of
energy can be tracked within 15% of the numerical analysis results. This is calculated by
comparing the heating times of the two models, which are outlined in Table 2.
Table 2: Heating Times for 5-degree Temperature Difference
Model
Experimental Model
Numerical Simulation

Time (seconds)
160
95.5

The difference between these two times is 64.5 seconds, which amounts to the physical model
having an error of 67.5%. This definitely does not fall within the 15% window of success;
however, there are several explanations for why the experimental model took much longer.
The physical model was measured, cut, and built by hand, so there is always the
possibility for error when comparing to a perfectly dimensioned and assembled numerical model.
These explanations apply to both the medium density fiberboard and the rigid sheet insulation in
the models. In an attempt to counteract heat loss in the seams, the MDF pieces were wood glued
and air nailed during initial construction to minimize air gaps, and RTV silicon was applied to
the insides of these seams to further seal from air leakage. Based on the method of construction,
structural differences are not believed to be the largest source of error for the project.
The most notable difference between the physical model and the numerical simulation is
the location and method of measuring temperature. The numerical model takes an average
temperature over a 1 inch cubed area placed in the same location as the temperature sensor for
the physical model. On the other hand, the physical model results rely on a single temperature
sensor located in a box. This is problematic since there is only one mode of recording data.
Additional temperature sensors at different locations throughout the house would be helpful to

get a more accurate representation of the internal temperature distribution. Since the only
temperature sensor is in a metal box with the outer face removed, the bottom edge of the box
could deflect heat rising from the strip heaters, resulting in a lower temperature reading. Due to
sensor placement in the experimental model, the error in the results is logical. Another important
characteristic to note is that natural convection due to heating is enabled within the simulation.
Solidworks Flow Simulation has been known to exaggerate the impact that natural convection
has on the internal temperature, so this could be enhancing heat distribution more than in the
experimental model. Simulations are meant to give an estimate and save time, which explains
why some researches have noted that Fluent, another simulation software, underestimates natural
convection unlike Solidworks [12].
Since the physical model construction is a substantial baseline, the project would benefit
from future testing on the internal temperature sensors. With multiple temperature readings
inside the house, an average temperature could be used to determine the 5-degree temperature
difference instead of a single point. The simplest form of further analysis is to move the current
temperature sensor to different positions within the house. Although there is still only one signal,
the different heating cycle times could be analyzed to find an average heating time. Another
option is to run longer tests by increasing the desired temperature difference between the interior
and ambient air. More complex iterations could add extra temperature sensors throughout the
house, but problems would arise with the current electrical system setup due to the limitations of
the inputs and signal conditioning capabilities with the Arduino-Edison breakout board and Intel
Edison controller.
Due to the confidence of the numerical model and simulations, further work on this part
of the project would come after improving the experimental setup. To make the model more

realistic, a very small inlet/outlet flow boundary condition would be beneficial since no house is
fully sealed from the outside. For the scope of the project, this detail was not necessary, but after
seeing the inaccuracy of the two models, this method might help to make the simulation results
more realistic.
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VI. Appendix
Calculations
𝑑 = thickness (meters)
𝑑𝑇 = temperature change (degrees Celcius/Kelvin)
𝐴 = area (meters squared)
𝐾 = thermal conductivity (Watts/m*K)
𝑅 = resistivity (m2*K/Watt)
Areas
𝐴! = 𝑙 ∗ 𝑤 ∗ 0.00064516 = 15 ∗ 18 ∗ 0.00064516 = 0.1742 m2
𝐴! = 𝑙 ∗ 𝑤 ∗ 0.00064516 = 15 ∗ 12 ∗ 0.00064516 = 0.1161 m2
Thermal conductivity of insulated wall
𝐾!"! = !

!

!.!"#

!"## !!!"#$%&'!("

= !.!"#!!.!"# = 0.029 Watts/m*K

Energy transfer with insulation
𝑄!!!"# !"## =

!!"! ∗!! ∗!"

𝑄!"#$ !"## =

!!"! ∗!! ∗!"

!

!

=

!.!"#∗!.!!"!∗!.!"

=

!.!"#∗!.!"#$∗!.!"

!.!"#

!.!"#

= 0.4924 Watts
= 0.7385 Watts

Energy transfer without insulation
𝑄!!!"# !"## =

!!"## ∗!! ∗!"

𝑄!"#$ !"## =

!!"## ∗!! ∗!"

!

!

=

!.!∗!.!!"!∗!.!"

=

!.!∗!.!"#$∗!.!"

!.!!"#$

!.!!"#$

= 22.86 Watts
= 15.24 Watts

Total power necessary neglecting roof and floor with full insulation
𝑃𝑜𝑤𝑒𝑟!"#$%&'!(" = 0.4924 + 0.4924 + 0.7385 + 0.7385 = 2.46 Watts
Total power necessary neglecting roof and floor with 1 long wall lacking insulation
𝑃𝑜𝑤𝑒𝑟! !"#$%&'!(" = 0.4924 + 0.4924 + 0.7385 + 22.86 = 24.58 Watts
!

Heat flux through an insulated wall
!

!.!"#$

𝑞!! = ! = !.!"#$ = 4.24 Watts/m2

